The electronic orbitals of PbS and PbSe are calculated using a scattered-wave technique for the solution of the one-electron Dirac equation for a polyatomic muffin-tin potential. The resulting orbital tran sition energies are in good agreement with experimental absorption and emission data.
I. INTRODUCTION
Despite their massiveness, the electronic properties of PbS and PbSe molecules have been studied experimentally throughout the years. 1 Recently, the emission spectra of these molecules, isolated in solid inert gas matrices, have been measured 2 and compared with gas absorption data. 3 • 4 However, theoretical studies of these molecules have been nonexistent up to now, due to the inadequacy of traditional nonrelativistic formalisms for molecules containing heavy atoms. 5 - 9 We report here calculations of the electronic structure of PbS and PbSe molecules using our previously developed 5 • 10 relativistic X a-scattered-wave theory based on the solution of the one-electron Dirac equation for polyatomic muffin-tin potentials.
II. COMPUTATIONAL PROCEDURE
Both PbS and PbSe have C 00 v symmetry and the ground state 1~• valence shell structure (la) 2 (2a) 2 (l7r) 4 (3a) 2. The calculations are carried out in three stages. First a starting potential is formed from the superposition of selfconsistent field Hartree-Fock-Slater atomic potentials1 5 for Pb and the chalcogen atoms. The molecule is then partitioned into muffin-tin form by placing touching spheres around the two atoms in the molecule and then enclosing the system in another touching sphere. The muffin-tin potential is obtained from the superposed potential by spherically averaging in the atomic spheres and outside the outer sphere, and by volume averaging the interstitial region. The radii of the Pb and chalcogen s pheres are chosen such that the potential is continuous at their touching point. The parameters for these calculations are shown in Table I orbitals are generated using the nonrelativistic scattered-wave method 14 for calculating molecular orbitals.
In the second stage of the calculation, a new muffin-tin potential is formed from the resulting electron density, and a new set of orbitals are computed. This process is repeated until the potential (or electron density) converges to the desired accuracy . In the final stage, the resulting nonrelativistic self-consis tent potential is used in a nonself-c onsistent s olution of the one-electron for the extra molecula r region, for the spin-orbit coupled e 112 and e 312 states , where the half-integr a l subscripts denote the quantum number W = l mil or the magnitude of the component of the total angular momentum along the intermolecular axis. Accordingly a a state s becomes an e 112 s tate , and ir splits into e 112 and e 312 .
Ill. RESULTS
T able II presents the calculated orbital energies for the PbS molecule in two groups in the order of increasing energy. The first group represents the occupied valence orbitals, while the se cond group represents the virtua l or unoccupied .orbitals of the mole cule. The TAB LE I. Parameters for the c alculation . Dis tances ar e in atomic units . highest core levels , namely, the Pb 5d levels, are sufficiently far below the valence complex for us to exclude them from the analysis here. The same information is presented in Fig. 1 ., level is the same in both cases, a s illustrated by their common Pb origin.
IV. COMPARISON WITH EXPERIMENT
In order to compare the calculated results with experimental data, the six lowest allowed orbita l transition energies have been computed as the difference between each of the three uppermost occupied levels and each of the two lowest unoccupied levels. Since these orbital transitions do not involve ionization, the corrections due to orbital relaxation, as normally calculated using Sla ter's transition state concept, 18 are expected to be negligible as shown in the case of 1 2 • 5 a The results , along with the experimental transition energies are presented in Tables IV and V for PbS and PbSe , respectively. The experimental data are from absorption measurements on PbS and PbSe molecules in the gas phase 3 • 4 and also from recent measurements of the emission spectra of these molecules embedded in a solid inert gas matrix. With the present identification, the largest discrepancy between theory and experi ment is-0. 5 eV. It should be kept in mind that the transitions involving C and C' states are not well characterized and in fact could not be observed in the inert gas matr ix measurement. Thus if one of these two states are ruled out, the agreement with the experiment is further improved.
In the case of PbSe, the experimental data is more sketchy. The large experimental uncertainty in the transition involving the state a is due to the fact that it occurs very near the cutoff frequency of the measuring equipment. For the remaining transitions , the discrepancies between the calculated and measured energies are of the order of 0. 3 eV or less .
In conclusion, it is seen that the results of our ab initio calculations are in good agreement with experiment. The discrepancies are due to the fact that on one hand, ·certain experimental peaks are not very well characterized, and on the other hand they may be due to the following shortcomings of the calculations. The relativistic calculation has not yet been made self-consistent, and the muffin-tin potential is not truly realistic for diatomic molecules. Finally, future calculations of the transition moments 19 would make the identification of the experimental structures with the calculated transitions more unique and unambiguous .
